although embryonic stem cell (esc)-derived cardiomyocytes may be a powerful tool in drug discovery, their potential has not yet been fully explored. nor has a detailed comparison with adult heart tissue been performed. We have developed a method for efficient production of cardiomyocyte-rich embryoid bodies (eBs) from murine escs. analysis of global gene expression profiles showed that eBs on day 7 and/or 21 of differentiation (d7cMs and d21cMs, respectively) were similar to adult heart tissue for genes categorized as regulators of muscle contraction or voltage-gated ion channel activity, although d21cMs were more mature than d7cMs for contractile components related to morphological structures. calcium and sodium channel blockers altered ca 2+ transients, and isoproterenol, a β-adrenergic compound, increased the rate of beating in d7cMs and d21cMs. our gene analytic system therefore enabled us to identify genes that are expressed in the physiological pathways associated with ion channels and structural components in d7cMs and d21cMs. We conclude that eBs might be of use for the basic screening of drugs that might affect contractile function through ion channels. (Journal of Biomolecular
INTRODUCTION
R ecent advances in high-throughput screening and molecular biology have provided pharmaceutical industries with opportunities to explore a large number of new genes/ proteins as potential targets for drug discovery. however, these new approaches have also caused some controversy, for example, issues such as discordance between the results of recombinant cell-based assays and in vivo studies. embryonic stem cell (esc)-derived functional cells are expected to be a powerful tool for drug discovery through their ability to act as in vitro models of functional systems. 1 development of a simple and reliable differentiation method is a key issue for enabling rapid production of relatively large numbers of esc-derived functional cells that have the same genetic background. such a method might also reduce the labor requirements and technical complexity of the procedures for isolating functional cells compared with primary cells or tissues.
esc-derived cardiomyocytes have received much attention because of their potential for regenerative medicine and drug screening. 1 For example, in drug safety screening, electrophysiological assays including herg inhibition and Qt prolongation using human esc-derived cardiomyocytes might be predictive for clinical outcomes, such as arrhythmia. 2 Many studies have demonstrated that esc-derived cardiomyocytes have contractile ability and similar morphological appearance to normal cardiomyocytes. 3 however, there have been no detailed comparisons of global gene expression patterns in esc-derived cardiomyocytes compared with adult heart tissue. in particular, the dearth of information with respect to the expression of genes involved in physiological pathways associated with structural components and ion channels associated limits the value of these cells for drug screening, and, currently, we cannot properly evaluate their potential utility. to rectify this deficiency of information, we have profiled gene expression profiles in esc-derived cardiomyocytes for comparison with that of adult heart tissue.
MATERIALS AND METHODS

ESC culture and differentiation
a subcell line of the c57BL/6J escs originally established in the animal & experiment Management group, pharmaceutical research division, takeda pharmaceutical company Limited, osaka, Japan, was used in this study. differentiation of escs was induced using a modification of the method described previously 4, 5 (Fig. 1A) . in brief, escs were cultured on feeder layer dishes in dMeM (sigma, st. Louis, Mo) supplemented with 10% FBs (chemicon, Woburn, Ma), nonessential amino acids (gibco, carlsbad, ca), 2-mercaptoethanol (chemicon), 2000 u/mL leukemia inhibitory factor (LiF; esgro; chemicon), and 100 ng/mL noggin (r&d systems, inc., Minneapolis, Mn) for 3 days. the escs were then trypsinized and cultured until they formed embryoid bodies (eBs). this process was carried out in a three-dimensional culture system in the same medium as described above, but minus the LiF, using low cell binding 96-well plates (nunc, tokyo); 2 × 10 3 or 10 × 10 3 esc cells were transferred into 100 µL of medium in each well. Beating eBs that formed in cultures seeded with 2 × 10 3 esc cells were picked on day 7 or day 21 of differentiation; those formed in cultures seeded with 10 × 10 3 esc cells were picked on day 7 only.
Fluorescent immunostaining
Frozen sections of beating eBs at days 7 and 21 were stained using anticardiac actin (rdi, concord, Ma; rdi-pro61075, 1:50) and anti-nkx2.5 primary antibodies (santa cruz Biotechnology, santa cruz, ca; sc-8697 1:50). all sections were incubated with a biotinylated secondary antibody (scytek, Logan, ut; MtM001, 1:100) and incubated for 90 min in a fluorescent cocktail containing 1 µg/mL Fitcconjugated streptavidin. preparations were observed under a Biozero fluorescence microscope BZ-8000 (Keyence, osaka, Japan).
DNA microarray analyses
RNA preparation gene expression profiles of beating eBs formed with 2 × 10 3 esc cells at days 7 and 21 (d7cMs and d21cMs) were compared with those of undifferentiated escs, primary cardiomyocytes isolated from a c57BL/6cr fetus on day 19 of pregnancy (primary cells, sapporo, Japan), hL-1 cells, 6 a fetal heart on day 19 of pregnancy, and adult ventricle, skeletal muscle, liver, and brain tissues from 10-week-old c57BL/6n mice (charles river, tokyo, Japan). undifferentiated escs, primary cardiomyocytes, and hL-1 cells were sampled three times from the same sources; d7cMs and d21cMs were also sampled three times from the same sources but at different times. each tissue was sampled from three different individuals. this study was conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals, and the protocols were approved by the laboratory's ethics committee.
total rna was extracted from the samples using Qiazol Lysis reagent (Qiagen, hilden, germany) and an rneasy Micro Kit (Qiagen). total rna yield was measured with a nanodrop  spectrophotometer (nanodrop technologies, Wilmington, de). rna quality was assessed with an agilent 2100 Bioanalyzer (agilent technologies, palo alto, ca).
Microarray experiments
crna preparation, fragmentation, hybridization, and scanning of the genechip  Mouse genome 430 2.0 arrays (affymetrix, santa clara, ca) were performed according to the manufacturer's protocol. Labeled crna was prepared using genechip  twocycle target labeling and control reagents according to the manufacturer's protocol (affymetrix). data image files were analyzed with affymetrix genechip  operating software, version 1.4. this software qualitatively rates the abundance of mrna of genes (detection call) as present, marginal, or absent. the signal values were globally normalized and targeted to all probe sets equal to 500. the heat map in the Figure 2D listed probe sets satisfied the following criteria: more than three data were determined as present in three adult ventricle signal values and three d7cMs or d21cMs signal values.
to evaluate specimen similarity/diversity in our samples, principal component analysis (pca) was performed on pergene normalized data divided by the median using genespring gX 7.3.1 expression analysis software (agilent technologies, palo alto, ca). pca on conditions, using mean centering and scaling, was performed on probe sets determined as present or marginal in all 30 microarray data sets. pca on conditions was performed on specific probe sets selected from gene ontology (go; www.geneontology.org) databases.
Transmission electron microscopy
For transmission electron microscopy, escs, primary cardiomyocytes isolated from a c57BL/6cr fetus on day 19 of pregnancy (primary cell), and d7cMs and d21cMs were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (ph 7.2) for 2 h, postfixed in 1% oso4 in the same buffer for 1.5 h, dehydrated in graded ethanol, and embedded in epoxy resin (taaB, Berkshire, uK). ultrathin (90 to 100 nm) sections were cut and double-stained with uranyl acetate and lead citrate and viewed using an h-7600 transmission electron microscope (hitachi, tokyo, Japan).
Assessment of contractile function of beating EBs
Beating eBs at days 6 and 20 were plated in black clearbottomed 96-well plates (corning incorporated, corning, nY). after overnight incubation, the eBs (d7cMs and d21cMs) were loaded with 5 µM Fluo-4-aM (invitrogen, carlsbad, ca) in hanks' Balanced salt solution (hBss; ph 7.4, giBco) with 20 mM hepes (gibco) for 30 min at 37 °c. each beating eB was washed with hBss and kept at 37 °c during fluorescence measurement. spontaneous ca 2+ transients were monitored using a ccd camera system (pixera corporation, san Jose, ca) combined with an inverted microscope (nikon, tokyo, Japan). Beating eBs were illuminated at 450 to 490 nm and fluorescent emission at 520 nm was recorded. images were analyzed using ipLab (solution systems, chiba, Japan).
to investigate the effect of drugs on the frequency of beating in d7cMs and d21cMs, a β-adrenergic agonist, isoproterenol (calbiochem, san diego, ca) was selected as a model compound. the number of beats was counted at 30-min intervals for 90 min before and after the addition of 1 µM isoproterenol to the medium. changes in the rate of beating (%) were calculated as follows: the increase in mean number of beats after addition of isoproterenol was divided by the mean number of beats before addition.
Statistical analysis
statistical analysis was performed with student's t-test and Welch's t-test for comparison of two groups with equal variances and unequal variances, respectively. values of p ≤ 0.05 on both tests were considered statistically significant. all statistical calculations were carried using the sas system (sas institute, cary, nc).
RESULTS AND DISCUSSION
Efficient differentiation via EB formation
in the present study, we established a simple but efficient method for inducing the differentiation of mouse esc-derived cardiomyocytes in eBs. in more than 80% of the wells, the escs formed eBs regardless of the concentration of noggin (0, 15, 100, and 150 ng/mL). in wells with 10 × 10 3 escs and 100 ng/mL noggin, approximately 90% of the eBs showed beating at day 7 (Fig. 1B) . however, many cells in the beating eBs did not show expression of the cardiac markers, nk×2.5 and cardiac actin (Fig. 1C) . the proportion of beating eBs was significantly larger in wells with 2 × 10 3 escs and 100 ng/mL
FIG. 2. principal component analyses (pcas) of gene expression in cardiomyocytes and other related cell and tissue types, and heat-map representations of expression levels of ion channel and contractile component-related genes determined in the expression analyses of d7cMs and d21cMs. (A-C) each pca on condition is performed on global gene expression (A)
, the expression of 139 genes categorized as regulating muscle contraction (go:6937) (B), and the expression of 297 genes categorized as having voltage-gated ion channel activity (go:5244) (C). es, undifferentiated embryonic stem cells; 7, d7cMs; 21, d21cMs; p, primary cardiomyocytes; F, fetal heart; h, hL-1 cells; v, Br, L, and s indicate adult ventricle, brain, liver, and skeletal muscle from 10-week-old adult males, respectively. dots of the same color indicate three samples of each type of cells or tissues. (D) relative levels of gene expression in d7cMs and d21cMs were compared with those in the adult ventricle. genes with a higher level of expression in d7cMs or d21cMs compared with the adult ventricle are indicated in red, whereas those with a lower level of expression appear in green. a few genes have more than one gene id (affymetrix no.); the same gene symbols in the heat map indicate these genes. d7cMs and d21cMs, embryoid bodies on days 7 and 21 of differentiation. noggin (day 7: 53%; day 21: 46%) than in the controls (day 7: 20%; day 21: 9%) ( Fig. 1B) . Most cells of beating eBs at days 7 and 21 in wells with 2 × 10 3 escs stained positively for nkx2.5 and cardiac actin. We also confirmed the expression of the cardiac transcription factor GATA4 and the cardiac-specific marker alpha MHC (data not shown). therefore, we used beating eBs formed in culture with 2 × 10 3 escs at day 7 and 21 in these cultures (d7cMs and d21cMs, respectively) in the remainder of the study.
Gene expression patterns and ultrastructural characteristics
the pcas (Fig. 2) showed that the three samples from each cell and tissue type were closely gathered, indicating that similar gene expression patterns were present in each set of samples. a pca of all genes (37,250 genes) showed that global gene expression patterns in d7cMs and d21cMs differed considerably from those of primary cardiomyocytes, hL-1 cells, fetal heart, or adult ventricle ( Fig. 2A) . in contrast, a pca of 139 genes listed as regulators of muscle contraction (go:6937) showed that the gene expression pattern in d21cMs was closer to that in the adult ventricle than to that in primary cardiomyocytes or hL-1 cells (Fig. 2B) . the levels of expression of genes encoding proteins related to contractile function, such as troponin, actin, or myosin, were higher in d7cMs and d21cMs than undifferentiated escs. thus, for example, the level of expression of cardiac actin (actc) was 250-fold higher in d7cMs and 270-fold higher in d21cMs than in undifferentiated escs. as is illustrated in the heat maps (Fig. 2D) , the levels of expression of many genes in d7cMs and d21cMs were closer to those in the adult ventricle. ultrastructural analysis of d7cMs and d21cMs revealed that the eBs had undergone differentiation and contained cardiomyocyte-like structures, similar to primary cardiomyocytes that were responsible for their contractions (Fig. 3) . For example, although a few thin myofibrils were observed and these extended randomly between Z-lines suggesting the initiation of sarcomere formation in d7cMs (Fig. 3C) , the myofibrils in d21cMs assembled component filaments and were distributed in a regular fashion along the long axes of cells exhibiting tightly packed filaments and organized sarcomeres, similar to that of primary cardiomyocytes from fetal mice on day 19 of pregnancy (Fig. 3B, D) . this is consistent with structural maturation in the esc-derived cardiomyocytes. 7 the analysis of spontaneous intracellular ca 2+ fluctuations in d7cMs and d21cMs showed that the mean rate of beating in d21cMs (51.5 ± 9.0 bpm, n = 6) was higher than in d7cMs (34.2 ± 8.2 bpm, n = 10) ( Fig. 4A) . this indicates a tendency for an increased rate of beating as differentiation progresses and that structural maturation might affect contractile function during differentiation. therefore, we suggest that d21cMs have more mature contractile components than d7cMs with respect to morphological structures.
Relationship between ion channels and contractile function
a pca of 297 genes listed as having voltage-gated ion channel activity (go:5244) showed that their expression pattern in d7cMs and d21cMs was closer to that of the adult ventricle than other cell and tissue types (Fig. 2C) . When we focused in detail on the levels of expression of various ion channels genes, we found that the increase in gene expressions was greater in d7cMs and d21cMs than in escs. in particular, the expression of genes responsible for cardiac contraction, such as L-type calcium channel (cav1.2: cacna1c, 110-fold in d7cMs and 94-fold in d21cMs), t-type calcium channel (cav3.2: cacna1h, 57-fold in d7cMs and 22-fold in d21cMs), potassium channel (Kv1.1, Kcna1, 9.4-fold in d7cMs and 55-fold in d21cMs), and sodium channel (nav1.5, scn5a, 5.1-fold in d7cMs and 16-fold in d21cMs) genes, was increased in d7cMs and d21cMs. a heat map of a number of ion channel genes, including cav1.2 (cacna1c) and nav1.5 (scn5a), showed that their levels of expression in d7cMs and d21cMs were similar to those in the adult ventricle ( Fig. 2D) . in d21cMs, cav3.2 (cacna1h) was expressed at a level lower than in d7cMs and closer to that of the adult ventricle. it has been reported that expression of the cav3.2 (cacna1h) gene is reduced during cardiomyocyte development. 8 therefore, the changes in expression of cav3.2 (cacna1h) in d7cMs and d21cMs found here are similar to that seen during cardiomyocyte development.
We found that the calcium channel blocker amlodipine decreased the amplitude of ca 2+ transients in d7cMs and d21cMs in a similar fashion to the response in primary cardiomyocytes 9 (Fig. 4A) . Moreover, the sodium channel blocker lidocaine also slightly depressed ca 2+ transients. these data demonstrated that the ion channels contribute to the upstroke of ca 2+ transients, in agreement with the observations described in previous reports. 9,10 in addition, we found that isoproterenol, a β-adrenergic compound, increased the rate of beating in both d7cMs and d21cMs, indicating that the β-adrenergic pathway is active at both stages (Fig. 4B) . our analyses therefore indicate that the pathways for contractile functions associated with ion channels and the β-adrenergic receptor are functioning in d7cMs and d21cMs.
the above analyses also showed that isoproterenol had a relatively large effect on the beating rate in some d21cMs (163 ± 96 bpm; n = 6). interestingly, the heat map showed that expression of Kv 1.1 (Kcna1), which has been reported to be upregulated in the sinoatrial/atrioventricular node, 11 and adrb 1, a β 1 -adrenergic receptor, were high in d21cMs compared with the adult ventricle. Because esc-derived cardiomyocytes can diversify into pacemaker cells or ventricular and atrium myocytes by day 23.5 of culture, 12 and adrb 1 may be explained by the presence of pacemakerlike cells and ventricular or atrium-like myocytes in d21cMs.
in conclusion, we found that the genes involved in the physiological pathways associated with structural components and ion channels in d7cMs and d21cMs were upregulated, and that contractile components in d21cMs were more mature than in d7cMs. thus, on the basis of the results of our assessment of contractile functions related to the β-adrenergic pathway and ion channels, we suggest that d7cMs and d21cMs may be of use for basic drug screening. Moreover, further improvements in the separation of different types of myocyte to achieve a homogeneous population might aid development of improved model systems that express adult heart-like phenotypes for drug safety risk assessment or drug screening.
